A high-intensity laser pulse propagating through a medium triggers an ionization front that can accelerate and frequency-upshift the photons of a second pulse. The maximum upshift is ultimately limited by the accelerated photons outpacing the ionization front or the ionizing pulse refracting from the plasma. Here we apply the flying focus-a moving focal point resulting from a chirped laser pulse focused by a chromatic lens-to overcome these limitations. Theory and simulations demonstrate that the ionization front produced by a flying focus can frequency-upshift an ultrashort optical pulse to the extreme ultraviolet over a centimeter of propagation. An analytic model of the upshift predicts that this scheme could be scaled to a novel table-top source of spatially coherent x-rays.
leading front, compressing the wave period. In a medium with normal dispersion, the resulting frequency upshift translates to an increase in the local group velocity.
Plasmas, in particular, provide an ideal medium for photon acceleration: the refractive index depends on the density of free electrons, which can be rapidly increased or decreased over time through ionization and recombination or manipulated through electrostatic wave excitation.
Specifically, a photon of frequency in an isotropic plasma experiences a refractive index ,
where is the plasma frequency, the free electron density, the electron charge, the electron mass, and the permittivity of free space. An increase in the electron density over time-for example by ionization-provides a decreasing refractive index that will accelerate the photons of a co-located pulse.
A prototypical scheme for photon acceleration involves propagating a witness pulse in an ionization front triggered by a copropagating drive pulse [15] [16] [17] [18] [19] [20] . In spite of the impressive frequency shifts (>10´) predicted by theory and simulations [13] [14] [15] [16] [21] [22] [23] , experiments in the optical regime have met with limited success (~1.25´) [17, 18, 20, 24] on account of witness pulse refraction and drive pulse diffraction. While these effects can be remedied by preforming a plasma or pre-shaping a gas to provide a guiding structure [25] [26] [27] , two inherent limitations to the upshift remain. First, the drive pulse, and hence the ionization front, travels at a subluminal group velocity.
As the witness pulse accelerates, it quickly outpaces the ionization front, terminating the interaction. Second, the drive pulse refracts from the plasma it creates, i.e. it undergoes ionization refraction, limiting the formation of a continuous ionization front.
In this Letter, we demonstrate, for the first time, a scheme for photon acceleration within a copropagating ionization front that shifts an optical pulse to the XUV. The scheme utilizes a novel photonic technique known as the flying focus to overcome the aforementioned limitations [28, 29] .
An appropriately chirped drive pulse, focused through a chromatic lens, exhibits an intensity peak that counterpropagates at the speed of light in vacuum, , with respect to its group velocity [28, 30, 31] . The peak intensity, in turn, triggers an ionization front travelling at , which can continually accelerate the photons of a copropagating witness pulse. A schematic is displayed in
n e e m ε 0 c c Fig. 1 for the case of a diffractive optic. The peak intensity of the drive pulse has a self-similar profile as it travels through the focal region, , at the focal velocity, :
,
, (3) where is the central wavelength of the drive pulse, its fractional bandwidth, the focal length of the diffractive optic at , the group velocity, and the stretched pulse duration.
By decoupling the ionization-front velocity from the group velocity of the drive pulse, this scheme removes both of the inherent limitations of the prototypical photon accelerator. Most notably, the interaction distance is no longer limited by outpacing, as the accelerated photons can never outpace a luminal (traveling at ) ionization front. The interaction distance is solely determined by Eq. (2) and can be extended long past the Rayleigh range of any single frequency component within the drive pulse. Second, counter-propagating the drive pulse with respect to the ionization front mitigates ionization refraction, as the focus of the drive pulse only encounters the un-ionized medium [30, 31] . retains an ultrashort duration, ~150 fs. The vacuum wavelengths within the output pulse increase
nearly quadratically from 91 nm, at the leading edge, to 174 nm at the trailing edge. The dispersion results from the unique inhomogeneity in the temporal gradient experienced by each photon along its path, as seen in Fig. 2 . The nonlinear inhomogeneity results in substantially less temporal stretching than an idealized linear gradient: ~150 fs compared to ~380 fs [15] .
Initially the vacuum wavelength rapidly decreases. The upshifting, however, gradually slows due to the weakening plasma response: . An analytic model, shown as the black dashed curve in Fig. 3a , predicts this effect. Assuming an electron density profile with a constant gradient moving at c, the vacuum wavelength evolves according to (4) where 0 is the initial wavelength of a photon in the witness pulse, , and is the value of the plasma frequency at . The value of used in Fig. 3a was averaged over the path of the highest-frequency photon. The analytic curve is in good agreement with the simulation. Discrepancies result from photons initiated with sub-optimal delays with respect to the drive pulse and small variations in the ionization front velocity due to the self-consistent propagation of the drive pulse.
Inspection of Eq. (4) reveals several paths to shorter wavelengths: increasing the interaction length, increasing the peak electron density, or decreasing the scale length. The interaction length [Eq. (2)] can be extended by increasing the bandwidth of the drive pulse or the focal length; the peak electron density can be increased by propagating within a higher density media, such as soliddensity targets (~10 22 cm -3 ); the scale length can be decreased by increasing the intensity of the drive pulse or decreasing the effective duration of the flying focus intensity peak such that ionization occurs more rapidly. Figure 4 illustrates the efficacy of this scheme compared to the prototypical photon accelerator and its sensitivity to the focal velocity. Without a flying focus, the drive pulse copropagates with the witness pulse. To emulate this case, two generous simplifications are made in the simulation: First, ionization refraction of the drive pulse is ignored. Second, the ionization front travels at a group velocity -the group velocity corresponding to only one third of the peak electron density. Even with these advantages, the prototypical photon accelerator only
achieves a minimum vacuum wavelength of 245 nm (black solid curve), a fractional shift of ~1.6 compared to ~4.4 when using a flying-focus. Additionally, when , the wavelength could be further downshifted by extending the focal region, , whereas in the prototypical accelerator, no further frequency conversion is possible. Table 1 lists the parameters for the drive pulse used to create the luminal ionization front.
The parameters correspond to a frequency-doubled Ti:sapphire laser propagating in hydrogen gas.
A conservative value of bandwidth was chosen to ensure an ionization front with a constant focal velocity, which requires a relatively flat band within the spectral energy density. The focal length was chosen such that, when using 6 nm of bandwidth, the longitudinal focal region [Eq. (2)] would be large enough ( ) to ensure significant wavelength shifts, but small enough to remain computationally viable. After fixing the length of the focal region, the focal velocity was tuned by adjusting the chirp of the drive pulse. The blue dashed-dot and red dashed curves in Fig. 4 illustrate the consequences of tuning the chirp for too low or too high of a focal velocity, respectively. When too low, the witness pulse quickly outruns the ionization front; when too high, the ionization front outruns the witness pulse. In either case, the wavelength shift is reduced. Notably, the subluminal focal velocity still outperforms the prototypical accelerator.
The electron density profile used in the photon kinetics simulations was extracted from self-consistent simulations that capture the evolution of the drive pulse and the ionization dynamics of the medium in which it propagates [30] . Ultimately, the electron density profile is generated and modified by field ionization, collisional ionization, radiative recombination, and three-body recombination, while the temperature evolves through inverse Bremsstrahlung absorption and ionization cooling.
A high-density gas was used to maximize the temporal gradient of the electron density. At a gas density of 1.75 × 10 21 cm -3 , it was found that 5.6 J of pulse energy yielded a near maximum electron density (~1.4 × 10 21 cm -3 ), with further increases in energy providing diminishing returns.
While more robust to ionization refraction than a traditional pulse, at such high densities the flying focus began to undergo plasma refraction, preventing the peak intensity from (1) reaching the plasma and (2) providing a heat source to overcome cooling from impact ionization. With the high density and cooling, three body recombination limited the maximum density. Nevertheless, the
flying focus pulse created a sharp gradient over the entire focal region, ~1 cm, a distance nearly two orders of magnitude greater than the Rayleigh range (~366 µm).
With the density profile from the propagation simulations, photon kinetics equations were used to determine the trajectories of photons within the witness pulse. The photon dispersion relation, where is the wavenumber parallel to the propagation axis, results from the lowest order Eikonal approximation to the wave equation for the electric field of the witness pulse. Treating the dispersion relation as the photon Hamiltonian provides equations of motion for spatial refraction, the group velocity, and frequency conversion:
, (5) , (6) . (7) At next order, the Eikonal approximation yields the transport equation for the photon energy density: (8) where is the electric field amplitude of the witness pulse. According to Eq. (8), the quantity is conserved along the photon trajectory: as the witness pulse upshifts in frequency, it necessarily decreases in energy density, translating to a loss in photon number. Physically, the witness pulse losses energy by imparting the electrons within the ionization front with a drift momentum as they are born.
Using Eq. (8), the energy efficiency of the photon acceleration process demonstrated in Fig. 3a is approximately 25%, as the frequency is shifted by a factor of ~4. However, this 25% efficiency estimate applies only to the witness pulse itself. A far more conservative estimate of energy efficiency results when considering both the witness pulse and the drive pulse. To estimate this overall efficiency, consider a witness pulse with an intensity just below the photoionization threshold-an intensity low enough to ensure that the drive pulse accounts for nearly all of the photoionization and heating that sustains collisional ionization. The propagation simulations show
that a drive pulse described by the parameters in Table I creates an approximately 50 µm diameter ionization front. Using a square-pulse approximation, the witness pulse energy is estimated as Ew A negatively chirped drive pulse propagating at its group velocity, , forms a focus that counter-propagates at the velocity, , triggering an ionization front traveling at . The resulting electron density is indicated by shading. A witness pulse (drawn in purple) copropagates with the ionization front at velocity and continually upshifts in frequency. solid line is a case in which no flying focus is formed, and instead, the ionization front travels at the group velocity of the drive pulse vd = 0.96c.
